Climate change and socio-economic driving forces will affect Europe's future freshwater resources.
INTRODUCTION
European freshwater resources are expected to change over the next decades due to climate and socio-economic impacts as well as political developments. Regarding climate change, the magnitude and direction of change differs between regions and seasons of the year and may have both positive and negative impacts (Bates et al. ) . The distribution of freshwater resources in Europe shows a distinct north-south gradient (EEA ) and several studies indicate that Southern Europe will be more severely affected by climate change. However, freshwater resources are not only influenced by climate change but also by changing water withdrawals (water use).
The assessment of future developments in water use is extremely important to foresee whether 'enough water for all' will be available or whether water will lead to conflicts. This in turn triggers the development of adaptive management strategies, like integrated water resources management, which need to be implemented in order to ensure a sustainable use of the available resource.
A prolonged period of water shortage or even a water deficit leads to shortfalls in domestic water supply and economic losses in the industrial and agricultural sectors.
An increasing and water demanding economy as well as population developments, e.g. population growth and urbanisation, will amplify the situation in the future and exacerbate the impact on water availability and freshwater ecosystems. Whether water is or will become a scarce resource depends on the balance of water demand versus water availability, and in addition on 
).
The main aim of this paper is to promote an understanding of Europe's freshwater resources by analysing the impact of climate change and changing patterns of water use, both in quantity and in sectoral diversity, on water scarcity. Water scarcity can result from intensive water use, low (climate driven) water availability or a combination of these. Water stress is a measure indicating the pressure put on water resources and aquatic ecosystems by the users of these resources, including municipalities, industries, thermal power plants and agricultural users.
One of the most important indicators for quantifying water stress is the withdrawals-to-availability ratio (w.t.a.) on a river basin scale. This indicator has the advantage of being transparent and computable for all river basins and it has been used in several studies (Cosgrove & Rijsber- Climate change impacts are expected to intensify existing competition for water resources between the sectors.
Bringing these factors explicitly into a European analysis of water stress can provide new insight into the relative importance of different elements of change and especially on future water management. We analyse two SCENES scenarios, which project partially contrasting assumptions on the development of driving forces. In particular, we identify and compare future 'hot spots' of change that should be monitored and studied further in small-scale studies. First, two SCENES scenarios and the climate input were selected. Second, future annual average water resources were simulated on a monthly basis taking into account climate change and water use. Third, using time series on future socio-economic and other drivers from the SCENES scenarios, water withdrawals were calculated for five different water-related sectors in pan-Europe. Fourth, using the results of water withdrawals and water availability, 'hot spots' were identified where future water demand may not be fulfilled and where cross-sectoral conflicts may occur.
METHODS

Overview of scenarios applied
For this paper, two SCENES scenarios that span a broad variety of how the future may unfold were chosen to visualise possible futures for Europe's freshwater resources. 
Main driving forces
Climate input
The baseline climate input including monthly information on of total electricity production is generated by thermal power plants.
Irrigated area
Using the IPCM4 climate change input, an increase in irrigated area was simulated for the EcF and SuE scenarios in pan-Europe, but with a large discrepancy between the two (þ73 and þ8.5%, respectively). In EcF, irrigated area is increasing in all regions with hot spots being located in WE (þ277%), NA (þ80%) and EEc (þ75%). In contrast, Structural changes also have an influence on water use, leading to further reductions. In the domestic sector, structural changes are related to people's commitment to save water.
Overall, the commitment to save water is higher in SuE compared to EcF, reflecting the uptake of new technologies and reductions in personal water use through educational programmes and raising awareness about environmental impacts.
For the electricity production sector it was assumed for the SuE scenario that older power stations with once-through cooling systems were replaced by new ones with a tower cooling system. The lifetime of a power plant was 40 years in waterpoor countries and 50 years in water-rich countries. No structural changes were assumed in the EcF scenario.
Identification of hot spots
Hot spots were identified on a river basin scale by investigating whether average annual water availability would satisfy the average annual water demand in the future. Here the concept of 'water stress' was used. Due to variations in water availability and water withdrawals within a year, water stress is likely to vary during the year, too; this momentary water stress was not considered in the approach applied.
RESULTS AND DISCUSSION
Future hot spots (water stress)
The water stress maps for the two SCENES scenarios under the IPCM4-A2 and MIMR-A2 climates show stressed areas for all scenarios (Figure 1) It is obvious from Figure 1 that water is most likely to become a scarce resource in the Mediterranean region.
This is in agreement with other studies, focussing e.g. on droughts. According to hydrological model simulations, Next to the Mediterranean, the Black Sea region also appears as a water stressed area in the future. Thus we focus next on this region in order to perform a more detailed investigation.
Future water availability
Changes in precipitation will increase or decrease the aver- SuE show that the agricultural sector will be the main water user (53%) in 2050, followed by the domestic (23%), manufacturing (15%) and electricity production (7%)
sectors.
Cross-sectoral conflicts
Cross-sectoral conflicts occur if different water-related sectors compete for the same (scarce) resource, in particular freshwater. Climate change impacts might intensify existing competition for water resources between the sectors in the future. Figure 4 indicates river basins that are expected to be water stressed due to irrigation water withdrawals alone.
Here, we define irrigation water stress as the irrigation water withdrawals-to-availability ratio. As can be seen from (Figure 4(b) ). Although total water withdrawals are expected to decrease in SuE in the future, water stress appears due to declining water availability (see Figure 2(a) ).
Yet drinking water will have priority over other uses particularly during severe water scarcity. In the Black Sea region, water use is dominated by agricultural water use, and this will remain the same in the future. However, this tendency will be dampened somewhat by continuing improvements in the water use efficiency of irrigation.
Even under the SuE scenario in which a decrease in irrigated area is assumed, the region remains vulnerable to water scarcity caused by irrigation water requirements alone. This is especially true for Turkey (Figures 1 and 4) .
On the other hand, the agricultural sector is not the only water use sector, domestic and industrial sectors as well as water for millions of tourists are required. Considering a good ecological status of the water bodies, as required by the Water Framework Directive, water must be allocated to nature (ecosystems) which seems to be out of reach in some parts of this region.
CONCLUSIONS
The global water model WaterGAP3 was used to simulate future freshwater resources under two different scenarios and to identify future hot spots where water may become a scarce resource. In this case various water-related sectors may compete for the available water leading to crosssectoral conflicts. This study provides an assessment of how climate change and changes in future freshwater demand affect water scarcity (water stress) in the Black Sea region.
Using a scenario approach helps to evolve different pathways into the future and to be prepared for various developments. Here we analysed two different scenarios.
The first one, EcF, follows an economic-oriented way into the future accompanied by less consciousness for water resources, while the second is characterised by increasing awareness to save water. The scenarios may overstate the Ideally, in impact studies a broad range of possible future climate scenarios simulated by an ensemble of existing GCMs should be used. In SCENES, climate output from two GCMs following the SRES A2 emission pathway were selected for reasons of resource constraints. It is well known that the choice of the emission scenario is of less importance for the early decades of the 21st century than for the later ones since they start to diverge in the second half of the century. However, for impact, vulnerability and adaptation analysis focussing on short and medium time scales, it is important to provide a meaningful combination of the climate change pathways with short-to mediumterm scenarios for socio-economic development.
